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1976. -Adenosine as a possible mediator of active hyperemia in skeletal muscle was studied in hindlimbs of dogs. Sciatic nerve stimulation decreased vascular resistance to 55 2 5% (mean 2 SE) of the control value in hindlimbs perfused at a constant flow rate (61 * 6 ml/min). Venous plasma K+ concentrations were elevated after 2 min (from 4.0 -+ 0.2 to 4.8 t 0.2 meq/liter; P < 0.005) and 20 min (4.7 -t 0.2 meq/liter; P < 0.001) of contraction, but the arteriovenous difference in plasma osmolality was changed only after 2 min of contraction (from -3.0 2 0.6 to -7.2 * 0.8 mosmol/kg H,O; p < 0.001). The muscle adenosine contents were not significantly elevated after 5 min of contraction, but were increased after 10 min (from 1.97 * 0.33 to 8.35 ? 0.97 nmol/g;P < 0.05) and 25 min (from 1.64 t 0.22 to 7.57 t 2.20 nmol/g; P < 0.05) of contraction.
Thirty minutes after contraction had ceased, the adenosine contents were significantly below control values (from 2.22 t 0.59 to 1.51 * 0.40 nmol/g; P < 0.005). Venous plasma adenosine concentrations did not increase during muscle contraction.
No relationship was found between the increase in the plasma inorganic phosphate level and the activity of the muscles. These data indicate that the adenosine content of skeletal muscle is increased by contraction, and support the concept that adenosine may be a mediator of sustained active hyperemia. potassium; osmolality; inorganic phosphate; local control of blood flow; inosine; hypoxanthine BIOASSAY STUDIES provided indirect evidence that adenosine may be a mediator of active hyperemia in skeletal muscle (25, 29) . Venous blood from contracting muscle caused vasodilation when perfused into a test forelimb (25) but caused vasoconstriction when perfused into a test kidney (25, 29); these opposite effects on the vascular resistance of the two organs were reproduced by infusions of adenosine and adenosine monophosphate (25). Further evidence for considering adenosine a mediator of the local control of blood flow to skeletal muscle has been obtained through the use of agents that either potentiate or block the effects of adenosine (14, 28). Dipyridamole, which is thought to increase the extracellular concentration of adenosine by preventing its reuptake into the cells (18,24), potentiates reactive hyperemia in skeletal muscle, particularly in association with muscle contraction (14) l Theophylline, a competitive inhibitor of adenosine (23, greatly attenuates active hyperemia in skeletal muscle at a concentration that blocks the effect of a bolus injection of adenosine (28)* The direct measurement of adenosine has shown that the production of adenosine by skeletal muscle is increased after contraction with ischemia (21) and after 5 min of ischemia alone (5). The release of adenosine into the venous effluents is increased after 5 min of tetanic contraction with ischemia in dog hindlimbs (5) and after 2 min of contraction in artificially perfused rat hindlimbs (1).
To determine whether adenosine is produced by skeletal muscle under more physiological conditions than previously described (1, 5, 21), we measured the muscle and plasma levels of adenosine and its degradative products, inosine and hypoxanthine, in a dog hindlimb preparation perfused at constant flow. The changes in plasma K+, osmolality, and inorganic phosphate (Pi) were compared with the results of other investigators (8, 17, 26, 29) and were related to changes in the adenosine content of muscle and plasma.
MATERIALS AND METHODS
Hindlimb preparation. Twelve mongrel dogs (20-25 kg) were anesthetized with sodium pentobarbital (30 mg/kg, iv) and provided with an endotracheal cannula to maintain an open airway. The circulation of the calf muscles was isolated by removing the skin from one hindlimb, occluding the flow to the paw, and ligating the branches of the femoral artery and vein down to the level of the popliteal artery and vein. This preparation is similar to that described by Mohrman and Sparks (15) in which they report a perfused muscle weight in the range of 250 g. If the weight of the perfused muscles in our study is assumed to be in the range of 200-300 g, the blood flow would be 20-30 mllmin per 100 g for a total blood flow of 60 ml/min (Table 1) . After the administration of heparin (1,000 U/kg, arterial and venous cannulas were placed in the proximal ends of the femoral artery and vein near the inguinal region and the,other ends of the cannulas were placed in the distal ends of the respective vessels just proximal to the popliteal region. This formed a "loop" circuit, for perfusing the calf muscles without disturbing the circulation to the contralatera1 limb, The external shunting circuits (Silastic tubing) were provided with a T connector for the collection of blood samples through the side arm, The arterial cannula was designed so that blood could be perfused at constant flow with a peristaltic pump or could be shunted around the pump between experimental periods to minimize damage to the blood cells. The blood flow and perfusion pressure of the hindlimb were monitored distal to the pump with a cannulating electromag-BOCKMAN, BERNE, AND RUB10
netic flow probe and a Statham pressure transducer, respectively. A cannula was placed in a carotid artery for monitoring systemic blood pressure, The sciatic nerve was isolated and severed, and a shielded electrode was placed on the peripheral end of the nerve. Electrical stimulation was achieved by applying square-wave pulses of 1.6 ms duration, 6 V and a frequency of 2-4 Hz. The limb was tied securely at the ankle, but the paw remained free resulting in an isotonic muscle contraction with little afterload. The hindlimb was wrapped in plastic to keep it warm and moist, and the preparation was allowed to equilibrate for 30-40 min before the control blood samples were collected. SampZe collection. Simultaneous arterial and venous blood samples were collected during the control period, after 2 and 20 min of muscle contraction, and 30 min after contraction had ceased. The blood samples (20 ml) for the analysis of adenosine, inosine, and hypoxanthine were collected in siliconized tubes containing 40 ml of normal saline at 0°C to dilute and cool the blood rapidly in order to minimize the uptake and degradation of adenosine by the cellular elements of the blood. The saline contained [8J4C]adenosine (about 2,400 cpm) so the recovery of adenosine could be calculated for each sample. The amount of labeled adenosine (0.03 nmol) was less than 2% of the total adenosine in the blood. For the analysis of plasma K+, Pi concentrations, and plasma osmolality lo-ml blood samples were withdrawn. The blood samples were centrifuged at 0°C for 10 min at 3,000 rpm; the plasma was decanted and centrifuged at 15,000 x g for 10 min (OOC). The supernatant fractions for the K+, Pi, and osmolality determinations were placed in plastic tubes, capped, and kept in the refrigerator until the analyses were completed. The plasma proteins of the samples for the analysis of adenosine, inosine, and hypoxanthine were precipitated with perchloric acid (5 ml of 5 N; final concentration, 0.5 N). The samples were then centrifuged (15,000 x g, 10 min at OOC), and the supernatant fractions were neutralized.
Muscle samples were obtained from the tibialis cranialis and the extensor digitorum longus muscles which had been freed from the surrounding tissue. In six preparations, the tibialis cranialis muscle was sampled after 5 min of contraction and the extensor digitorum longus after 25 min of contraction. In three preparations, the extensor digitorum longus muscle was sampled after 5 min of contraction and the tibialis cranialis after a 30-min recovery period. In three preparations, only the tibialis cranialis muscle was sampled after 10 min of contraction. Control samples were obtained from the contralateral muscles. The skin was removed and the muscles were freed from surrounding tissue, but the vessels of the control limb were not cannulated. Immediately before a sample was taken (about 5 s) the muscle was severed near the tendon of insertion and a portion of the muscle was frozen in situ with aluminum tongs precooled in liquid nitrogen. After the muscle sample was frozen, a ligature was placed around the muscle to occlude the blood flow to that muscle. This caused a reduction in the total mass of muscle being perfused. Only one sample was taken from each muscle since preliminary results indicated that multiple sampling resulted in highly variable data even in control muscles, most likely the result of changes caused by retraction of the muscle once its insertion was severed. The muscle samples were pulverized at the temperature of liquid nitrogen and homogenized in 0.5 N perchloric acid (10 ml/g) at 0°C. After centrifugation (15,000 x g, 10 min at OOC), the supernatant fractions were neutralized and frozen (-20°C) until the concentrations of adenosine, inosine, and hypoxanthine were measured.
ChemicaZ anaZyses. Plasma K+ concentrations were measured by flame photometry and the plasma osmolality by freezing-point depression. An aliquot of plasma was combined with an equal volume of 10% trichloroacetic acid and centrifuged (15,000 x g, 10 min at OOC). After the excess trichloroacetic acid was removed from the supernatant fraction by ether extraction, the Pi content was determined by the method of Fiske and Subbarow (7) as modified by Seraydarian et al. (27) in which the Pi is precipitated specifically with a suspension of Ca(OH), in CaCl, to prevent the interference of other compounds containing phosphates. The adenosine, inosine, and hypoxanthine of the neutralized acid extracts of plasma were adsorbed onto 100 mg of charcoal and eluted with two successive 15-ml volumes of 10% pyridine in 50% aqueous ethanol. The eluates were dried, suspended in 0.4 ml water, and spotted onto thinlayer plates of cellulose phosphate (Brown Co.). The plates were developed in 15% ethanol at 5°C and the adenosine and the inosine plus hypoxanthine areas were identified by markers spotted along one side of each plate. The compounds were eluted with three successive lo-ml volumes of 50% ethanol, pH 10. The eluates were dried and resuspended in water, The adenosine, inosine, and hypoxanthine contents of muscle were determined directly on aliquots of the neutralized acid extracts (recovery 90-100%).
This differs from the procedure of Dobson et al. (5) who separated the compounds by thin-layer chromatography as described above for the plasma samples. The nucleosides and base were assayed by conversion to uric acid according to the method of Kalckar (9, 10) with use of a dual-wavelength spectrophotometer (Perkin-Elmer, model 356) (19). With this method, replicates are reproducible within 5--10%.
Statistics. All the data are expressed as means t SE. The statistical significance of the data was determined by the Student t test for paired data.
RESULTS
Hemodynamics. The hemodynamic data are presented in Table 1 . The preparations were perfused at a constant flow at or just above the resting blood flow (61 * 6 ml/min) to increase the possibility of detecting changes in the plasma levels of the substances under consideration by preventing their dilution during the active hyperemia that occurs with perfusion at constant pressure. Systolic and diastolic pressures fell continuously with time, largely due to the blood sampling. A total of 240 ml of blood were drawn in 60-ml aliquots at 20-to 30-min intervals; for a 20-kg dog, this is about 15% of the total blood volume. The muscles were stimulated and stabilized before the Z-min samples were taken. At 20 min of contraction, the resistance recovered somewhat (P < 0.01, 2 min vs. 20 min), and 30 min after contraction had ceased the resistance was significantly greater than the control value. The half-time for the return of resistance to the control value 8 4.6 after contraction had ceased was in the range of 30-50 s; resistance returned to the control level 2-3 min after the contractions ceased.
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Plasma Pi, K+, and osmolality. Arterial and venous plasma Pi levels ( Fig. 1) rose throughout the experiment and remained elevated after a 30-min recovery period (P < 0.05 for arterial; P < 0.01 for venous). There was little relationship between the rise in plasma Pi and the activity of the muscle. significant. In five of the nine pairs of samples, the ratio of the adenosine content of the experimental muscle (the muscle made to contract) to that of the control muscle was in the range of 0.80-1.28 at 5 min of contraction, and in the remaining four, the ratios were 1.52, 1.66, 3.98, and 5.68. The adenosine contents of the experimental muscles were significantly greater than the control values after 10 min and 25 min of contraction (experimental/control = 4.83 t 1.15 and 4.01 -t-0.96, respectively; P < 0.05). After a 30-min recovery period the adenosine content of the experimental muscles was less than that of the control in each of the three pairs of samples (experimental/control = 0.68 k 0.02; P < 0.005).
The inosine and hypoxanthine contents of the muscles (Fig. 3) were not increased significantly after 5 min of contraction. Although the inosine and hypoxanthine contents of the experimental muscles were much greater than the control values after 25 min of contraction (experimental/control = 34.6 t 21.2 and 7.6 t 4.4, respectively), the differences are not statistically significant due to the variability of the data. After 30 min of recovery, the inosine and hypoxanthine contents of the experimental muscles were more consistent and very close to the control level (experimental/control = 1.52 * 0.51 and 1.43 & 0.56 for inosine and hypoxanthine, respectively).
Neither the venous plasma adenosine levels nor the A-V differences in plasma adenosine changed during muscle contraction ( stimulation, but it did increase significantly over both the control and 2-min levels after 20 min of contraction (P < 0.05 and 0.01, respectively). The A-V difference in plasma inosine at 20 min was also significantly greater than the control and 2-min values (P < 0.025 and 0.005, respectively). Although the A-V difference in plasma inosine returned towards the control level during the recovery period (P = 0.05, 20 min vs. recovery), it was still significantly greater than the control value 30 min after contraction ceased (P < 0.01). The A-V difference and the venous level of plasma hypoxanthine were increased at 20 min of contraction as compared with the 2-min value (P < 0.025 and 0.005, respectively).
DISCUSSION
Our data indicate that adenosine may have a role in the sustained hyperemia associated with skeletal muscle activity.
The muscle adenosine content was increased by four-to fivefold within 10 min after muscle contraction was initiated, remained elevated for 25 min of contraction, and returned to the control level within 30 min after contractions ceased. There is a trend toward a correlation between the increase in adenosine content of muscle and the decrease in vascular resistance. There are a number of problems in correlating adenosine content and vascular resistance in this study. First, the sample size is too small for a reliable correlation analysis. Second, the vascular resistance was measured in the entire lower hindlimb and adenosine was measured in only two of the muscles. This undoubtedly increased the variability of the data decreasing the likelihood of obtaining statistically significant data. Third, one would not expect the relationship between adenosine content and vascular resistance to be linear, It most likely is a dose-response relationship in which the log of the adenosine content is related to the vascular resistance. However, there are insufficient data to make such an analysis meaningful.
All that we can say is that there appears, qualitatively, to be a relationship between the increase in the adenosine content of muscle and the decrease in vascular resistance brought about by muscular contraction.
The quantitative relationship must be described in a preparation in which adenosine content and vascular resistance are determined in the same muscle.
The increase in the adenosine content of the muscles occurred under more physiological conditions than previously reported (1, 5, 21) . The muscles were probably mildly hypoxic during contraction since they were perfused at a constant blood flow close to the resting flow. Although the oxygenation and performance of the muscles were not assessed directly, indirect evidence indicates that they were not severely hypoxic or severely fatigued during contraction. Vascular resistance returned to the control value rapidly after contractions ceased. The half-time for recovery (< 1 min) is more in the range of that reported for nonfatiguing exercise (half-time = 30 s) than for fatiguing exercise (half-time = 6 min) (16). The changes in the plasma K+ concentration and plasma osmolality after 2 min of contraction are also more in the range of mild rather than severe exercise. In muscle preparations perfused at constant blood flow, the venous plasma K+ concentration increases by 30% with stimulation at a frequency of 2 Hz (29), by 45% with tetanic contractions of 60 ms duration every 2 s (29), and by 70% with stimulation at a frequency of 6 Hz (26). The increase in venous plasma osmolarity is in the range of 5-7 mosmollliter at 2 Hz (17, 29), 15 mosmol/liter at 4 Hz (17) or with brief tetanic contractions (29), and 25 mosmol/liter at 6 Hz (26). In the present study, the venous plasma K+ contraction was increased by 20% after 2 min of contraction. At this time, the osmolality data were variable, but venous plasma osmolality was not significantly increased and the A-V difference was increased by only 4 mosmol/kg H,O. If the muscles were being severely stressed, one would expect consistent and substantial increases in the venous plasma osmolality.
Since the adenosine content of muscle was not consistently elevated after 5 min of contraction although the perfusion pressure stabilized within 2 min, we have no evidence that adenosine is involved in the initiation of the vasodilation elicited in active muscles However, Rubio et al. (21) found 5'-nucleotidase, the enzyme that produces adenosine, to be localized around blood vessels in skeletal muscle, suggesting that the concentration of adenosine is not uniform throughout the muscle. Local changes in the adenosine concentration around the vessels suficient to have a vasodilator effect may occur soon after the initiation of contraction without the changes being detected in the sampled muscle due to dilution by the tissue in which the adenosine content does not increase (muscle that is not close to blood vessels). As the adenosine concentration continues to rise in proximity to the blood vessels and adenosine diffuses from these sites, the adenosine content of the total tissue would be measurably increased. Hence, it is possible that even the early or initial decrease in vascular resistance observed in skeletal muscle contraction can be attributed to adenosine release in the vicinity of the arterioles,
The unchanged concentration of adenosine in venous blood during contraction would seem to negate the role of adenosine in eliciting the renal vasoconstriction resulting from the perfusion of the kidney with venous blood from active muscle (25, 29). However, the renal vasoconstriction can be demonstrated consistently only with tetanic contraction of the muscles (25) and immediately following a period of contraction with ischemia (29). Dobson et al. (5) reported that the adenosine level of venous blood increases about sevenfold after 5 min of ischemic, tetanic contraction of dog hindlimb muscles and Bockman et al. (1) reported that the adenosine content of the venous efIluents from isolated rat hindlimb preparations increases with muscle contraction. Thus an increase in the adenosine content in venous efYluents from muscle can be detected only when the muscles are severely stressed. It is only under these extreme conditions that a significant vasoconstrictor effect on the renal vasculature can be elicited with venous blood from skeletal muscle. With more physiologic stimuli and a slower release of adenosine from perfused tissue, almost all the adenosine is degraded to inactive inosine and hypoxanthine by the enzymes present in the vessel walls and the cellular elements of the blood (22).
The release of inosine and hypoxanthine into the venous blood was elevated after 20 min of contraction. The increased release of inosine and hypoxanthine without an increase in the release of adenosine is probably related to the greater increase in the muscle content of inosine and hypoxanthine, particularly of inosine. The venous concentrations of inosine and hypoxanthine tended to remain elevated during the recovery period. This was probably the result of the large increases in their muscle concentrations as well as the kinetics of their removal from the blood. To what extent these two compounds arose from adenosine or from inosinic acid cannot be determined from these experiments.
We found the adenosine content of the control muscles to be higher than that reported in a previous study (5). The reason for this difference is not readily apparent; it is not due to the different muscles used in each study. In preliminary studies, we found the adenosine content of the sartorius muscle, the muscle used by Dobson et al. (5), to be in th e same range as the muscle used in our study, about 2 nmol/g. The magnitude of the increase in adenosine as well as inosine and hypoxanthine was greater in the present experiments than in those of Dobson et al. (5) . This most likely is the result of our sampling contracting muscles, whereas Dobson et al. (5) sampled muscles that were ischemic but not contracting. (The sartorius muscle used by Dobson is not supplied by the sciatic nerve which was stimulated.) The adenosine content of the control muscles in the present study were very stable throughout the length of the experiment (Fig. 2) . If there were a problem with a deteriorating preparation, one would expect a rise in the adenosine level of the control muscles with time.
Both K+ (11) and osmolality (13) have been suggested to be mediators of active hyperemia, but the evidence BOCKMAN, BERNE, AND RUB10
indicates that their effects are limited to the initiation of the vasodilation and that neither is a mediator of the prolonged hyperemia (3, 6). As many investigators have shown (16, 17, ZO), the initial increase in plasma osmolality is poorly maintained so that by 20 min of muscle contraction, the osmolality has returned to the control level. Although venous K+ remains elevated during 2 h of continuous muscle contraction (20), the vascular response to an elevated plasma K+ level does not seem to be well maintained (3, 6). In hamster cheek pouch and cremaster muscle preparations (6) and in dog hindlimb preparations (3), the vasculature responded to an elevated K+ level by initial dilation. However, within 5 min, the dilation decreased and in some instances had changed to vasoconstriction (3, 6). The indication that the role of K+ may be limited to the rapid initial response to increased muscle activity is also supported by the observation that ouabain blocked the vascular response to infused K + but had little effect on active hyperemia except to delay its onset (4). Ouabain has also been shown to block the effects of K+ on isolated vascular smooth muscle (2). The reason for the elevated arterial plasma K+ concentration after 30 min of recovery is not readily apparent. The muscles continuously lose K+ during stimulation, so one would expect the arterial K+ level to rise during contraction and the muscle to take up K+ during the recovery period, as indicated by the positive A-V difference in plasma K+ (Fig. 1) . However, if the only source of K+ were the contracting muscles, one would expect the arterial plasma KS level to be reduced substantially during the 30-min recovery period if not returned to the control value. These data suggest some source of K+ other than the active muscles. It is possible that there was progressive acidosis in these animals resulting from the anesthesia; the H+ may have been exchanged for intracellular K+, thereby elevating the arterial concentration of K+.
The data of the present study do not support a role for Pi as a mediator of active hyperemia. Although the venous Pi was significantly elevated after 2 and 20 min of muscle contraction, the rise in venous Pi content was paralleled by a rise in the arterial Pi level. Moreover, neither the arterial nor venous Pi concentration decreased during the 30-min recovery period. The parallel rise in arterial and venous Pi content and the failure to return to the control level during recovery indicate that the change in plasma Pi content may be due to the small amount of hemolysis that occurred in these studies. The
